In the current study, we pursue the hindlimb weakness of the contactin mutants and explore the hypothesis that contactin contributes to the development and function of myelinated peripheral nerve. We report that contactin is a selective neuronal component of the paranode that regulates junctional attachment between axon and glial membranes. Contactin forms an intracellular complex with Caspr and enables its transport from the neuronal cell body to the axon membrane, where the complex accumulates at the paranode and engages in junction formation. Our data suggest that the contactin-Caspr complex communicates with paranodal myelin components, thereby 
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arrows. (C and D) From P14 (C) into adulthood (D), contactin is localized
Disrupted Paranodal Axo-Glial Junction specifically at the paranode. Scale bar ϭ 5 m.
in Contactin Mutant Peripheral Nerve
To determine sites of contactin-mediated cellular interactions, we investigated the distribution of contactin in ences between genotypes in the distribution of myelin marker proteins CNP (2Ј3Ј-cyclic nucleotide 3Јphospho-myelinating sciatic nerve. During the first 2 weeks of mouse postnatal development, contactin was dynamihydrolase) and MAG (myelin-associated glycoprotein) (data not shown). To examine the fine structure of the cally redistributed from a uniform expression over the axon surface to a restricted localization at the paranode. myelin sheath, we performed ultrastructural analyses on spinal and sciatic nerves from wild-type and contactin Specifically, at P0, prior to ensheathment by premyelinating Schwann cells, contactin was expressed difmutant littermates at P14 and P16. Multiple myelin lamellae encircling individual axons were observed in fusely over the axolemma ( Figure 1A) . As Schwann cells engaged in the process of myelination, contactin protransverse nerve sections in both genotypes ( Figures  2A and 2B ). The thickness of the myelin sheaths corregressively accumulated at the presumptive paranodal region (shown at P4 in Figure 1B ). Clustering at the lated with the axon diameter. Morphometric analysis showed that the g value (the ratio of axon diameter to paranode became more pronounced as the myelin matured (shown at P14 in Figure 1C ). In the adult myelinated fiber diameter) was within the normal range for myelinated axons in both genotypes (Table 1 ) (Little and Heath, nerve, contactin was confined to the paranodal axolemma ( Figure 1D ). Contactin was not detected on 1994). Thus, the gross organization of myelin within contactin mutant mice was intact with respect to the periSchwann cells at any time postnatally. Thus, contactin is a selective component of the paranodal axolemma. odic structure and the thickness of the myelin sheaths. To investigate the nodal and paranodal region, we The propitious localization of contactin at the paranode raised the question if the lack of contactin expresperformed ultrastructural analyses on longitudinal sections of myelinated spinal and sciatic nerve at P14-P16. sion affected myelination or axon-Schwann cell interactions. We utilized mice deficient for contactin gene
In both wild-type and contactin mutants, the nodal region was clearly discernable, between the flanking by expression to address this issue. Immunohistochemical analyses of P16 sciatic nerve revealed no overt differthe terminal myelin loops. In both genotypes, the para- nodal myelin extended with the innermost lamella positioned furthest and the outermost lamella closest to the node. However, contactin mutant mice displayed a distinct defect in the attachment of the terminal myelin loops to the paranodal axolemma. The paranodal gap between the axolemma and the apposing myelin loops was significantly widened in the contactin mutant nerve ( Figures 2C-2H ). Morphometric measurements revealed an increase in the gap size from 5.51 nm in the wildtype to 10.21 nm in the mutant (corrected for membrane thickness; Table 1 ). Moreover, the electron dense transverse bands that are thought to represent sites of direct adhesive contact between the terminal myelin loops and the axolemma were absent in contactin mutants. These defects establish that contactin partakes in the formation of the septate-like axo-glial junctions at the paranode by regulating junctional attachment.
Mutant Paranodes Lack Caspr Expression
To gain insight into the molecular interactions of contactin in peripheral nerve, we first examined contactin expression in relation to nodal and paranodal proteins using immunohistochemical techniques. In P16 sciatic Western blots revealed that Caspr protein was synthe- sized within the CNS (data not shown). Hence, we exto detect. We attribute this difference to the fact that the paranodal myelin loops are disengaged in contactin plored the possibility that Caspr was retained within neuronal cell bodies in absence of contactin. To do that, mutants, which in turn may destabilize expression of paranodal myelin components. Thus, expression of conwe examined motor neuron somata and axons projecting into the peripheral nerve in transverse sections tactin is not necessary for localizing NF155 to the paranodal myelin loops, although contactin may partake in of the lumbar spinal cord. In the wild-type, Caspr staining was observed at the paranodes within the white interactions with NF155 within the axo-glial junction. matter ( Figures 4A and 4C ). In the mutants, Caspr was confined to the cell bodies of the large motor neurons Aberrant Localization of Shaker-Type Potassium Channels located in the ventral horn ( Figures 4B and 4D) . These results show that Caspr was synthesized by motor neuSignals between axons and myelinating glial cells are suggested to cluster and position voltage-gated sodium rons but was not transported to the axon membrane in absence of contactin. Thus, contactin and Caspr associchannels to the node of Ranvier and potassium channels to the juxtaparanodal region underneath the myelin ate intracellularly, and contactin is necessary for the expression of the complex at the paranodal axon mem-(Rasband et al., 1999; Vabnick et al., 1996). We used the contactin mutant mice to address if formation of the brane.
The loss of paranodal attachment in the mutant sugparanodal junction is a prerequisite for the clustering of voltage-gated ion channels in peripheral nerve. Immugests that the contactin-Caspr complex interacts with apposing myelin loops to form the septate-like juncnohistochemistry for sodium channels demonstrated appropriate clustering to the narrow strip of the nodal tions. An excellent candidate to engage in this interaction is NF155, a selective component of the paranodal axolemma in both genotypes ( Figures 3M and 3N) . Hence, the disruption of the paranodal junction did not myelin loops and a binding partner for contactin (Tait et al., 2000) . To investigate if expression of NF155 is affect the clustering of sodium channels at the node of Ranvier in myelinated peripheral nerve. affected by the contactin mutation, we examined wildtype and contactin mutant sciatic nerve by immunohisDuring development, potassium channels redistribute from a nodal and paranodal localization to delineate the tochemistry. In both genotypes, we obtained staining for NF155 in the paranodal region ( Figures 3K and 3L Figures 3M and 3N ). While appropriate juxtaparanodal localization was observed the mutant curve ( Figure 5F ). The considerable difference in the refractory period between the DTX-1-treated in the wild-type, the Kv1.1 and Kv1.2 subunits were clustered at the paranode in contactin mutants. As conand the untreated conditions suggests that the Kv1.1 and Kv1.2 potassium channels are functional and contactin and potassium channel expression do not appear to overlap in the wild-type, we suggest that the aberrant tribute to membrane repolarization in the mutant. We presume that DTX-1 is more efficacious in the mutant potassium channel localization in the mutants is secondary to the disruption of the paranodal junction. Thus, because the mislocalized channels are more accessible through the widened gap at the paranode. paranodal attachment is critical for potassium channel translocation to the juxtaparanode, while the clustering of the sodium channels to the node of Ranvier is indeDiscussion pendent of contactin and junction formation in myelinated peripheral nerve.
The formation of the specialized membrane domains in myelinated nerve requires a cascade of molecular signaling events between axons and glial cells. In the Decreased Peripheral Nerve Conduction peripheral nervous system, Schwann cells establish a Velocity and Excitability 1:1 relationship with axons and enwrap myelin around The results described above raise the question whether the axon segments between the presumptive nodes of nerve function is compromised in contactin mutants. We
Ranvier. As one of the final steps in myelinogenesis, the addressed this issue in a series of electrophysiological terminal myelin loops attach to the axon at the paranode experiments using the setup diagrammed in Figure 5A . and engage in the formation of the septate-like juncTo assess nerve conduction velocity, we analyzed comtions. In this in vivo study, we have demonstrated that pound action potentials (CAPs) in acutely isolated P16 the GPI-linked cell adhesion molecule contactin orgasciatic nerve from both genotypes. We observed a 3-fold nizes a molecular complex that confers junctional atdecrease of nerve conduction velocity in contactin mutachment between the axon and the myelin. tant nerve as compared to the wild-type (Figures 5B and  5C ). Moreover, we noted a dramatic difference between genotypes in the amount of voltage necessary to elicit
Formation of Paranodal Junctions Depends on Contactin-Mediated Signals a threshold response. For any given stimulus duration, the stimulus voltage required to evoke a minimum
Contactin is the first GPI-linked membrane protein with a demonstrated function in junction formation. As it is threshold response was 2.5 to 3 times higher for contactin mutant than for wild-type nerve ( Figure 5D ). These anchored only to the outer leaflet of the plasma membrane, contactin must depend on interactions with laterdifferences are consistent with changes in capacitance and resistance due to the loss of the paranodal axoally associated proteins to convey signals across the membrane. Consistent with their codistribution in myglial junction (Chiu and Ritchie, 1980; Funch and Faber, 1984). elinated peripheral nerve, contactin and Caspr form a cis complex within the paranodal axolemma. Formation We were also interested in testing if the mislocalized Kv1.1 and Kv1.2 subunits in contactin mutants were able of the contactin-Caspr complex is independent of myelin-inducing signals. Instead, the complex preforms into contribute to spike repolarization (Chiu and Ritchie, 1984). Potassium channel function was assessed in P16 tracellularly and depends on contactin-mediated signals for translocation to the cell surface. In the absence of sciatic nerve by analyzing the refractory period using a paired-pulse stimulation protocol. The voltage of the contactin, Caspr is retained within neuronal cell bodies and is unavailable for interactions with membrane-assostimulation was set at 80% of the maximal response. The first stimulus pair was delivered at a 10 ms interstimulus ciated components and extracellular ligands. Thus, the failure of Caspr to reach the axolemma in contactin interval (ISI), with subsequent trials having shorter ISIs. With the gradual reduction of the ISI, the amplitude of mutants effectively eliminates all Caspr interactions at the cell surface. Our study therefore cannot discern the the second CAP decreased in both genotypes. However, the amplitude decrease of the second CAP occurred separate contributions of contactin and Caspr in paranodal membrane interactions. In agreement with our in sooner in the mutant than in the wild-type nerve ( Figure  5E ). When the mean amplitude of the second response vivo observations, a recent in vitro study also suggested that the cell surface expression of Caspr depends on relative to the first response was plotted as a function of the interstimulus interval, the mutant curve shifted to contactin (Faivre-Sarrailh et al., 2000). In this report, Caspr was retained within the endoplasmic reticulum the right of the wild-type curve. These results indicate an increase of the refractory period in contactin mutant in singly transfected cells, while it was shuttled to the membrane in the presence of contactin. Our findings in nerve ( Figure 5F ).
To determine specifically the contributions of the contactin knockout mice extend significantly these in vitro observations by defining the paranodal region as Kv1.1 and Kv1.2 channels to the repolarization of the resting potential, we analyzed the refractory period in one site where the contactin-Caspr complex plays an important functional role. the presence of dendrotoxin-I (DTX-I), a specific Kv1.1 and Kv1. junctional attachment. In contactin mutants, ablation of the contactin-Caspr complex results in the loss of In Shi CNS white matter, clusters of Caspr and NF155 colocalize to ectopic sites, indicating an interaction bejunctional engagement at the paranode and leaves NF155 unoccupied. tween these molecules (Tait et al., 2000) . In contactin mutants, NF155 is retained within the paranodal region, In peripheral nerve, the mechanism controlling the clustering of sodium channels at the nodes of Ranvier although the staining indicates a higher variability of expression than in the wild-type. From these data, we appears to be independent of junctional adhesion at the paranode. In contactin mutants, sodium channels as suggest that NF155 concentrates on the paranodal myelin loops independent of contactin-Caspr interactions.
well as ankyrin G clearly demarcate nodal regions of similar size and intensity as in the wild-type. This finding However, interactions with the contactin-Caspr complex within the paranodal junction appear to partake in is in agreement with data from merosin (laminin ␣2)-deficient dystrophic mice (Deerinck et al., 1997). This stabilizing NF155 expression. This interaction may also play an important role in the junctional engagement bemutation leaves nerves amyelinated and without glial cell contact, due to loss of Schwann proliferation and tween axons and glial cells.
We propose the following model for the molecular migration. Nevertheless, sodium channels cluster at the presumptive nodes of Ranvier, suggesting that the forinteractions at the paranode in myelinated peripheral nerve (Figure 6 ). Contactin engages in complex formamation of the nodal specialization in peripheral nerve is controlled by factors other than Schwann cell junctional tion with the paranodal protein Caspr inside the cell and is necessary for transporting the complex to the contact, including either intrinsic determinants or longrange diffusible factors. axolemma. It remains to be determined whether the , 1977) . These data argue against myelin abnormalities that may reduce conduction velocity in contactin mutant expression in the PNS is retained at the paranode of the CGT mutants, albeit staining is less intense (Dupree nerves and suggest that the gross organization of myelinated axons, including axon diameter, myelin thickand Popko, 1999). Thus, it is conceivable that the contactin-Caspr complex is present in the paranodal region ness, and internodal distance, is independent of contactin gene expression. Therefore, the disruption of the of the CGT mutants but cannot engage in junction formation, due to the loss of the corresponding glial ligand paranodal junction alone is likely to account for the impaired conduction velocity and reduced excitability obfrom apposing Schwann cell membranes. Based on this hypothesis, one may predict that myelin components served in contactin mutant nerve.
The dramatic reduction in conduction velocity and the directly involved in junctional adhesion at the paranode are lost in the CGT mutants. Future work will need to increase in voltage necessary to elicit threshold responses in contactin mutant sciatic nerve are consistent decipher the molecular link between the major myelin lipids and the assembly of the glial junctional complex with changes in capacitive and resistive properties (Figure 7) . Figure 7A represents 
